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ABSTRACT
Human THAP1 is the prototype of a large family of
cellular factors sharing an original THAP zinc-finger
motif responsible for DNA binding. Human THAP1
regulates endothelial cell proliferation and G1/S
cell-cycle progression, through modulation of
pRb/E2F cell-cycle target genes including rrm1.
Recently, mutations in THAP1 have been found to
cause DYT6 primary torsion dystonia, a human neu-
rological disease. We report here the first 3D struc-
ture of the complex formed by the DNA-binding
domain of THAP1 and its specific DNA target
(THABS) found within the rrm1 target gene. The
THAP zinc finger uses its double-stranded b-sheet
to fill the DNA major groove and provides a unique
combination of contacts from the b-sheet, the
N-terminal tail and surrounding loops toward the
five invariant base pairs of the THABS sequence.
Our studies reveal unprecedented insights into the
specific DNA recognition mechanisms within this
large family of proteins controlling cell proliferation,
cell cycle and pluripotency.
INTRODUCTION
Gene expression is tightly modulated by the interplay
of sequence-speciﬁc transcription factors that recruit
direct transcription eﬀectors in vivo. In this context, the
thermodynamic, structural and kinetic strategies adopted
by a DNA-binding protein to locate and bind to its
speciﬁc DNA target among a huge excess of non-speciﬁc
DNA in the cell are of considerable interest and are still
under investigation (1–3). During the last decade, struc-
tural studies performed on a number of DNA-binding
domains bound to their DNA target provided some
molecular details about speciﬁc DNA recognition (4–6).
Understanding the molecular mechanisms of DNA
speciﬁc recognition also requires the issue of binding to
non-speciﬁc DNA target to be tackled, as recently
reported for the dimeric lac repressor, highlighting the
importance of structural ﬂexibility and plasticity in
DNA recognition (2).
The THanatos-Associated protein (THAP) DNA-
binding domain is an evolutionary conserved C2CH
zinc-ﬁnger motif shared between a large family of
cellular factors with functions associated to cell-
proliferation and cell-cycle control (7,8). Human
THAP1, the prototype member of the family, is described
as a novel transcription factor involved in endothelial cell
proliferation and G1/S cell-cycle control, regulating
expression of several pRb/E2F cell-cycle target genes (9).
The DNA-binding domain of THAP1 recognizes a con-
sensus DNA target of 11nt (THABS) comprising a core
of ﬁve invariant base pairs
50
TxxxGGCA
30
(7). An unex-
pected ﬁnding was recently reported concerning the
DNA-binding function of THAP1 associated with
DYT6 primary torsion dystonia, a neurological disease
characterized by twisting movements and abnormal
postures (10). It was proposed that transcriptional dys-
regulation associated with mutations in the DNA-
binding domain of THAP1 might contribute to the
DYT6 disease (10,11). We have previously reported the
solution structure of the DNA-binding module (THAP
zinc ﬁnger) of THAP1 by NMR showing that the core
fold consists of an anti-parallel two-stranded b-sheet
with the two strands separated by a long loop-helix-loop
motif (12). Using NMR and mutagenesis data, we
provided the ﬁrst structure-activity analysis of a func-
tional DNA-binding THAP domain with demonstrated
sequence-speciﬁc DNA-binding activity. Furthermore,
we have shown that recombinant THAP domains from
human THAP2 and THAP3 and from Caenorhabditis
elegans CTBP and GON-14 do not exhibit sequence-
speciﬁc DNA binding toward the THABS sequence
recognized by THAP1, suggesting that although the dif-
ferent THAP zinc ﬁngers share some structural homo-
logies, they may recognize their own speciﬁc DNA
sequence (12). This hypothesis was conﬁrmed with the
recent identiﬁcation of Ronin, the mouse ortholog of
THAP11 that underlies embryogenesis and Embryonic
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activity toward a DNA sequence that is clearly distinct
from the THABS consensus motif recognized by THAP1
(13).
In an attempt to get some clues regarding the molecular
mechanisms by which the THAP zinc ﬁnger recognizes
a speciﬁc DNA sequence, we determined the solution
structure of the complex between the THAP zinc ﬁnger
of THAP1 and a 16-bp oligonucleotide containing the
THABS sequence identiﬁed in the natural rrm1 responsive
element. The latter is a G1-S regulated gene coding for
the Ribonucleotide Reductase M1 subunit essential
for S-phase DNA synthesis, that was recently identiﬁed
as the ﬁrst direct transcriptional target of endogenous
THAP1 (9). The rrm1 promoter contains two THABS-
binding sites approximately 100-nt upstream of the
50-end of the mRNA to which endogenous THAP1
binds in vivo (9).
By solving the ﬁrst structure of a functional THAP
protein–DNA complex, we show in the present article
that the THAP zinc ﬁnger of THAP1 contacts the DNA
major groove using its two-stranded b-sheet. The associa-
tion relies on numerous non-speciﬁc contacts to the sugar
phosphate backbone, allowing eﬃcient positioning of the
protein onto the DNA before setting up base-speciﬁc
contacts. The DNA recognition speciﬁcity resides in a
combination of crucial contacts provided by poorly
conserved residues among the THAP members, that are
located in the b-sheet, the N-terminal tail and surrounding
loops and that cover the ﬁve invariant base pairs of the
consensus THABS sequence. To increase the DNA-
binding speciﬁcity, a loop in the C-terminal region of
the THAP zinc ﬁnger gives additional contacts to the
DNA minor groove. We also report structural and ﬂuo-
rescence studies on the binding of the THAP zinc ﬁnger of
THAP1 to non-speciﬁc DNA. Our work provides new
insights into the structural determinants controlling the
DNA recognition speciﬁcity within this large family of
cellular factors with major roles in cell proliferation,
cell-cycle control and pluripotency.
MATERIALS AND METHODS
Sample preparation
The plasmid coding for the THAP zinc-ﬁnger domain of
hTHAP1 (Met
1-Phe
81) with a double mutation C62SC67S
was generated by PCR. The expression and puriﬁcation
protocols have been described previously (12). The 16-bp
rrm1 DNA duplex was reconstituted by hybridizing
oligonucleotides,
50
GCTTGTGTGGGCAGCG
30
and
50
C
GCTGCCCACACAAGC
30
(Euroﬁns MWG) in a 1:1
ratio. The DNA–protein complex ( 1mM) was formed
by mixing either unlabeled protein or uniformly
15N- or
15N
13C labeled protein with unlabeled duplex rrm1 DNA
under high-salt conditions (50mM Tris, pH 6.8, 250mM
NaCl, 5mM DTT). The DNA duplex with an unrelated
sequence was reconstituted by hybridizing oligo-
nucleotides,
50
CGATTTGAATTTTAAC
30
and
50
GTTAA
AATTCAAATCG
30
, and mixed with the THAP zinc
ﬁnger following the same protocol. All protein–DNA
samples were exchanged against 50mM Tris (pH 6.8),
30mM NaCl, 5mM DTT, 0.01% sodium azide and
10% or 100%
2H2O before NMR experiments.
NMR spectroscopy
NMR experiments were performed at 296K on
cryo-probed Bruker DRX950 and DRX600 spectrome-
ters. Protein (
1H,
15N and
13C) backbone and side-chain
resonances were assigned from analysis of standard 3D
experiments (14). Distance restraints were extracted from
3D
15N HSQC NOESY (Tm 100ms), 3D
13Cali HSQC-
NOESY (Tm 80ms) and 3D
13Caro HSQC-NOESY
(Tm 120ms) recorded at 950MHz. DNA
1H resonances
were assigned for the free rrm1 oligonucleotide using a
combination of 2D TOCSY and NOESY recorded in
2H2O and H2O. DNA assignments in the protein–DNA
complex were obtained from TOCSY and NOESY spectra
recorded on the unlabeled sample at 950MHz.
Intermolecular protein–DNA NOEs were assigned from
15N- and
13C-edited NOESY spectra. Protein backbone
f and  angle constraints were predicted with TALOS
software using chemical shift assignments (15). Slow
exchanging amide protons were identiﬁed from 2D
1H-
15N HSQC spectra collected following resuspension
of freeze-dried protein–DNA samples in
2H2O.
A number of
1DNH RDCs were collected at 600MHz
with the uniformly
15N
13C-labeled protein in DNA-bound
state oriented in Pf1 bacteriophage medium (15mg/ml)
from 2D IPAP
1H-
15N HSQC (16). The data were pro-
cessed using the NMRPipe suite (17). The magnitude of
the axial and rhombic components of the alignment tensor
was determined with the Module 1.0 software (18).
Heteronuclear
15N relaxation parameters (T1, T2, NOE)
were recorded at 600MHz using standard pulse sequences
on the protein–DNA sample and analyzed with
NMRView (19). The overall and internal mobility param-
eters were determined using the Tensorv2.0 software (20).
Cross-saturation experiments were performed on the
DNA–protein complex. Saturation of the DNA imino
proton resonances was achieved by means of a pulse
train of adiabatic inversion pulses centered at 13ppm.
This cross-saturation transfer period was introduced
prior to the classical
1H-
15N HSQC sequence as previously
described (21). The 2D
1H-
15N HSQC experiments were
recorded with diﬀerent saturation periods up to 1.8s.
The peak intensities were extracted from the 2D
1H-
15N
HSQC spectra using NMRView (19) and analyzed using
GOSA (22).
Structure calculation
Structures of the rrm1-bound protein were calculated
using torsion angle dynamics simulated annealing
protocol using the CNSv1.21 software suite (23). From
500 structures, 20 were selected as acceptable with no
NOE violations higher than 0.4A ˚ and no dihedral angle
violations higher than 5 . The protein was then docked to
rrm1 B-DNA using HADDOCK 2.0 (24). The docking
protocol consists of three stages, rigid-body docking,
semi-ﬂexible simulated annealing and reﬁnement in
explicit solvent, as already described for protein–DNA
Nucleic Acids Research, 2010,Vol.38, No. 10 3467docking (25). An ensemble of 20 protein NMR structures
together with models of canonical B-DNA were used
as starting structures in the rigid-body docking with
intermolecular NOEs as docking restraints, generating
1000 models. 200 lowest-energy structures were selected
for semi-ﬂexible reﬁnement stage with all NMR experi-
mental restraints including the 39 intermolecular NOEs
and the intramolecular restraints (for the protein:
hbonds, dihedral angles, RDCs and NOEs and for the
DNA: hbonds, B-form canonical dihedral angle restraints,
planarity restraints and NOEs). Residues displaying high
solvent accessibility, that were aﬀected in the cross-
saturation experiments and that showed large chemical
shift changes upon DNA binding and for which no
intermolecular NOE could be identiﬁed were deﬁned as
active (Gln3, Lys24, Lys46, Ser52, Arg65). The protein
side chains of the active residues were allowed to move
in a semi-ﬂexible simulated annealing stage (25). The
DNA bases encompassing the ﬁve invariant base pairs
(from T6 to A13 and T20 to A27) were deﬁned as active
and 12 ambiguous interaction restraints between suitable
atoms of protein and DNA were used in the calculation.
Intra-residual DNA NOEs quantitative analysis allowed
us to deﬁne C20-endo conformation for all of the assigned
riboses (26) and inter-residual DNA NOEs analysis could
unambiguously conﬁrm Watson–Crick base pairings.
Additional restraints were introduced to maintain DNA
base planarity and Watson–Crick bonds. During the ﬁrst
calculation, DNA was considered as fully ﬂexible during
the semi ﬂexible simulated annealing stage. The structures
were further reﬁned in an explicit solvent with all NMR
experimental restraints. Then, an ensemble of 10 DNA
structures issued from the ﬁrst calculation were analyzed
and selected as initial pre-bent DNA structures for a ﬁnal
complete run with all NMR experimental data and in
which only DNA base pairs located at the protein DNA
interface were allowed to move in a semi-ﬂexible simulated
annealing stage. Finally, solution analysis was performed
using HADDOCK2.0 package scripts and best structures
were selected on the basis of lower unambiguous restraints
violations. Intermolecular contacts analysis was per-
formed using HADDOCK2.0 package scripts with an
upper hydrogen bond cut-oﬀ at 2.5A ˚ . Finally, geometrical
analysis was done using PROCHECK software.
Electrophoretic mobility shift assays
Electrophoretic mobility shift assays were performed as
previously described (7), using a 16-bp rrm1 oligo-
nucleotide ( 7.6mM) and increasing amount (1, 2.5 and
5mM) of the recombinant THAP zinc ﬁnger of THAP1
containing the double mutation (C62SC67S). Binding
reactions were performed for 10min at room temperature
in 20ml of binding buﬀer [20mM Tris-HCl (pH 7.5)/
100mM KCl/0.1% Nonidet P-40/100mg/ml BSA/2.5mM
DTT and 5% glycerol].
Fluorescence measurements
Steady-state ﬂuorescence anisotropy binding titrations
were performed on a PTI Model QM-4 spectroﬂuorimeter
at 25 C following the intrinsic ﬂuorescence of the single
tryptophan residue ( exc 295nm and  em 324nm). To
measure the aﬃnity of the protein toward rrm1, the
THAP zinc ﬁnger was diluted to 0.5mM in a volume of
4ml and the 16-bp rrm1 DNA duplex (100mM) was
prepared in a buﬀer consisting of 50mM Tris, 30mM
NaCl, pH 6.8. The rrm1 solution was progressively
added to the protein sample with protein:DNA ratios
ranging from 1:0 to 1:6. To study the inﬂuence of the
ionic strength on the non-speciﬁc binding, samples with
diﬀerent protein:DNA ratios ranging from 1:0 to 1:6 were
initially prepared in 250mM NaCl (100ml of THAP zinc
ﬁnger at 3mM) and were then exchanged in buﬀer con-
taining suitable NaCl concentrations (30 or 150mM).
Fluorescence anisotropy was calculated including a cor-
rection factor as previously described (27) and the data
were ﬁtted from a previously described equation (28)
using a non-linear ﬁt with GOSA software (22).
RESULTS
Monitoring DNA binding by NMR and ﬂuorescence
anisotropy
In a previous work, we solved the NMR structure of
the THAP zinc ﬁnger of human THAP1 (residues 1–81)
for which demonstrated sequence-speciﬁc THABS
DNA-binding activity was known (12). But, initial
attempts failed to produce a stable DNA–protein
complex with limited conformational exchange. In order
to improve the quality of the NMR spectra, we con-
structed two Cys-Ser mutations at positions 62 and 67.
The doubly mutated THAP domain is a stable folded
protein as judged by the quality and chemical shift disper-
sion of the
1H-
15N HSQC spectrum, that is highly similar
to the one recorded for the wild type THAP domain,
showing that the two mutations do not induce major
structural changes. A 16-bp oligonucleotide containing
the THABS motif identiﬁed in the natural rrm1 responsive
element (referred to rrm1) was chosen for further struc-
tural and biophysical characterisation of the speciﬁc
DNA–protein complex (20kDa). The THAP mutant
retains its rrm1-binding activity as shown by electro-
phoresis mobility shift assay (Figure 1A); a dissociation
constant of 480±60nM was determined by ﬂuorescence
anisotropy (Figure 1B).
The quality of the NMR spectra allowed us to
unambiguously identify residues that exhibit chemical
shift changes of their backbone amide nitrogen resonances
upon rrm1 DNA binding (Figure 2A and B). The regions
showing important chemical shift perturbation (CSP) in
the complex (d >daverage +SD  0.35ppm) include the
N-terminal tail close to the zinc ion (Gln3-Ser6), the
double-stranded b-sheet (residues Val20 to Lys24 and
residue Ser52) and the loop L3 encompassing Thr48
(Figure 2B). Additional strong CSP were observed for
two residues Ser67 and Leu72 located in loop L4. The
DNA–protein interface was further deﬁned by means of
cross-saturation experiments. Upon saturation of DNA
imino proton resonances, large reduction rates of peak
intensities were observed for residues Cys5-Ser6, Lys24,
Ser52-Ser55, Arg65 and Leu72 (Figure 2C). Finally,
3468 Nucleic Acids Research, 2010,Vol.38, No. 10solvent exchange experiments were performed on the
rrm1-protein complex to identify protected residues
upon DNA binding. In particular, the amide protons of
Thr48, Tyr50 and Ser51 remain protected from hydrogen
exchange after several hours while they exchange in less
than an hour in the free protein (data not shown).
Structure determination of the complex
NMR spectra collected at 950MHz allowed us to assign
most of the protein and DNA resonances in the complex
and to identify 39 intermolecular NOEs involving nine
residues of the THAP zinc ﬁnger and seven bases of the
rrm1 DNA duplex (Figure 2D and Supplementary Table
1), that were suﬃcient to unambiguously determine the
protein orientation with respect to the DNA (Figure 3).
The solution structure of the complex was determined
using the data-driven biomolecular docking HADDOCK
approach (29) including NMR restraints. Structure calcu-
lations for the THAP zinc ﬁnger in the DNA-bound state
were performed by simulated annealing on the basis
of experimental restraints including 1796 NOEs, 12
hydrogen bonds, 156 dihedral angles and 55
1DNH
residual dipolar couplings (RDC) (Table 1). The 20
lowest-energy NMR structures of the THAP zinc-ﬁnger
domain in its DNA-bound form were used as initial struc-
tures for the HADDOCK calculations of the DNA–
protein complex. Most of the bound DNA resonance
frequencies were unambiguously assigned except for
bases G10-G11 and 679 DNA intramolecular NOEs
were identiﬁed, unambiguously establishing that rrm1
adopts a B-DNA conformation in the complex, with
standard base pairings. The structural ensemble presented
a root mean square (r.m.s.) deviation of 1.22±0.32A ˚
over all backbone atoms of both protein and DNA
(Table 1).
15N relaxation analysis gave a correlation time
of 5.6±0.1ns and 10.3±0.1ns, for the free and bound
protein respectively, consistent with a monomeric form in
both states (Supplementary Figure S1).
The complex structure reveals a DNA-binding interface
using the double-stranded b-sheet
The THAP zinc-ﬁnger contacts the rrm1 DNA by ﬁlling
the major groove with its side containing the double-
stranded b-sheet giving rise to a buried area of 2120A ˚ 2.
The two strands insert into the major groove with an ori-
entation perpendicular to the DNA axis (Figure 3A and
B). The N-terminal tail and loop L3 that connects the
a-helix to the b2 strand contribute to the DNA-binding
surface in the major groove (Figure 3). In particular, the
double-stranded b-sheet contacts two backbone phos-
phates at positions T8 and G9 and three bases T8, G9
and G10 in the coding strand. Two residues, Lys24 and
Ser52 from the b-sheet mediate base-speciﬁc contacts
(Figure 4). Bidentate hydrogen bonds are formed
between the side-chain amino group of Lys24 and both
atoms O6 of G9 and O4 of T8 while the side-chain HG
proton of Ser52 contacts N7 of the invariant base G10.
Loop L3 preceding the b2 strand is also involved in DNA
recognition as residues Lys46 to Ser51 provide several
contacts with the complementary half of the DNA
duplex, either by contacting backbone phosphates at
position 20–23 or by giving base-speciﬁc contacts with
C22 and C23 or by maintaining Van der Waals contacts
with the major groove (Figure 4). The protein backbone at
Pro47 gives polar contacts with G21 phosphate and the
side-chain amino terminal group of Lys46 points toward
the phosphate group of T20 while Thr48 and Tyr50
contact phosphate groups of C22 and C23, respectively
(Figure 5). The carboxyl group of Tyr50 interacts with
the two DNA strands simultaneously as it could give
polar contacts to the O6 of G10 in the coding strand
and to the N4 of C23 in the complementary strand.
In addition, the aromatic side chain of Tyr50 makes exten-
sive hydrophobic contacts with bases and sugar rings
of C22 and C23. Finally, the OG atom of Ser51 partici-
pates in hydrogen bonding with the amino group of C22.
In the vicinity of Ser51, the N-terminal tail of the pro-
tein participates in interactions with both DNA strands
within the major groove. In particular, Gln3 uses its
carboxyl side chain to contact the N4 of C12 in the
coding strand while its side chain amino group can be
hydrogen bonded simultaneously with the O4 of T20
(Figure 5).
In addition to the contacts observed toward the DNA
major groove, the structure of the complex reveals few
additional contacts to bases within the minor groove,
which are achieved by loop L4 from the C-terminus of
the THAP domain. In particular, polar contacts are
made between the guanidine group of Arg65 and both
the O2 of C28 and the atoms O4 of T6. Simultaneously,
the O40 ribose atom of G7 could be hydrogen bonded
to the guanidine group of Arg65 (Figure 4).
Structural and dynamic modiﬁcations upon binding
The protein in the complex adopts a bab fold consisting
of a double-stranded anti-parallel b-sheet with a long
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Nucleic Acids Research, 2010,Vol.38, No. 10 3469loop-helix-loop motif (L2-H1-L3) inserted between the
two strands. Despite a similar topology to the one pre-
viously described for the THAP zinc ﬁnger in its DNA-
free form (12), binding to speciﬁc DNA is accompanied by
remarkable structural changes (Figure 6A). The greatest
change occurs in loop L4 from residues Arg65 to Leu72
in order to allow contacts to the DNA minor groove. The
loop displacement pulls Asn68 away from the DNA by
15A ˚ while Arg65 is pushed toward the DNA by almost
6A ˚ . The ﬂip is accompanied by large ps-ns timescale
motions, observed for residues Arg65 to Lys71, allowed
to pivot around two rigid residues Phe63 and Leu72
(Figure 6B). The C-terminal region of loop L3 preceding
the second b-strand undergoes a displacement of residues
Thr48 to Ser51 of 6-7A ˚ , providing favourable contacts
with the DNA complementary strand. This part of the
loop is not disordered as it displays restricted mobility
(Figure 6B) and as several NOEs were identiﬁed between
residues Thr48, Lys49 and the methyl group of Ile53 (data
not shown). Residues 42–46 (beginning of loop L3) and
residues 66–69 (beginning of loop L4) that exhibit
mobility in the free protein remain mobile in the complex,
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3470 Nucleic Acids Research, 2010,Vol.38, No. 10as seen from heteronuclear NOE values (Figure 6B). In
contrast, residues 16–21 (end of loop L1) are immobilized
upon DNA binding, presumably via electrostatic interac-
tions between the DNA phosphates and the side chains of
Lys11, Arg13 and Tyr14 that might anchor the entire loop
L1 to the DNA. Notably, the amide proton of Lys18 is
hydrogen bonded to the carboxyl group of Asp15 and
remains protected from hydrogen exchange (data not
shown), contributing to the reduced mobility of this part
of loop L1.
From the DNA point of view, the binding does not
change the overall conformation of the rrm1 target,
which remains that of a standard B-form as conﬁrmed
by NOE analysis (see Materials and methods section).
However, a moderate degree of bending (15 ) starting at
the G9/C24 base pair and a slight enlargement of 3A ˚ for
the major groove width at the G10/C23 base pair are
observed (data not shown).
Recognition speciﬁcity
The structure of the complex shows that most of the
DNA–protein contacts cover the bases from the invariant
base T6 on one strand to the last invariant base T20 on the
DNA complementary strand (Figure 5). The side chains of
two residues Lys24 and Ser52 from the double-stranded
b-sheet, donate base-speciﬁc contacts to the DNA major
groove. Lys24 is relatively well conserved and mostly
replaced by an arginine in other THAP proteins. It
contacts the two bases T8 and G9 that do not contribute
to the speciﬁcity of the THABS sequence (7). The struc-
ture of the complex explains why a guanine in position 9
can be substituted by a thymine (7) since they both have a
carboxyl group in the major groove as an acceptor of
hydrogen bonds from the amino side-chain group of
Lys24. In the present work, binding experiments com-
bining NMR and ﬂuorescence anisotropy were performed
in the presence of a 16-bp oligonucleotide containing an
unrelated sequence (non-speciﬁc DNA, Figure 7A and B).
The Lys24 HN chemical shift is clearly not aﬀected in the
presence of non-speciﬁc DNA while it displays the largest
chemical shift change upon rrm1 binding (Figure 7A).
This is presumably due to the loss in base-speciﬁc
contacts, as the two bases T8 and G9 contacted by
Lys24 in the rrm1-THAP complex are replaced by
adenines in the non-speciﬁc sequence (Figure 7B). A
single-point mutant K24A retains its capacity to bind to
non-speciﬁc DNA, as monitored by ﬂuorescence
anisotropy (data not shown) whereas it abrogates
speciﬁc DNA-binding activity (12). Similarly, the
chemical shift perturbation of Ser52 HN proton within
the b2 strand is clearly reduced upon addition of
non-speciﬁc DNA compared to its chemical shift change
in the presence of rrm1. But in contrast to Lys24, Ser 52 is
poorly conserved among the THAP family proteins, and it
creates a hydrogen bond with G10 inside the GGCA core
recognition motif. Therefore, Ser52 in the b2-strand must
play a crucial role in speciﬁc DNA recognition. Just pre-
ceding the b-sheet, two poorly conserved residues, namely
Tyr50 and Ser51 from loop L3 provide additional
base-speciﬁc contacts to two bases (C22-C23) at positions
1 and 2 inside the GGCA recognition site, helping to
increase speciﬁcity (Figure 5). Finally, Gln3 in the
N-terminal tail of the DNA-binding domain gives
hydrogen bonds to two invariant bases at positions 3
(C12) and 4 (T20) simultaneously (Figure 5). Given that
Gln3 is poorly conserved among the THAP members,
these two contacts are likely to aﬀect DNA-binding
speciﬁcity. Remarkably, its neighbouring amino acid
Ser4, which is also poorly conserved displays notable
changes in amide resonance chemical shift in the speciﬁc
complex while it is only slightly disturbed by addition
of the non-speciﬁc DNA, conﬁrming the importance of
the N-terminal tail in speciﬁc DNA recognition. In the
opposite direction, loop L4 points toward the minor
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Nucleic Acids Research, 2010,Vol.38, No. 10 3471groove contacting the invariant base T6 inside the recog-
nition
50
TxxxGGCA
30
motif, using the guanidine group of
Arg65, another poorly conserved residue that is likely to
play a crucial role in speciﬁcity.
Importance of non-speciﬁc interactions on the
overall aﬃnity
At 30mM NaCl, the protein binds to non-speciﬁc DNA
with a signiﬁcantly lower aﬃnity compared to speciﬁc
DNA (dissociation constant values of 6.7±2mM versus
480±60nM, (Figure 5B). In the presence of non-speciﬁc
DNA, only slight chemical shift perturbations (d
<0.4 (ppm) were observed for a small number of
residues. Aﬀected backbone amide nitrogen resonances
(d>daverage+SD  0.15ppm) correspond to Cys5
(from the N-terminus), Lys11 and Val20 (loop L1),
Lys46 and Thr48 (loop L3) and Arg65 (loop L4)
(Figure 7A). Our data show that the regions aﬀected in
the presence of non-speciﬁc DNA are similar to those
described in the rrm1-THAP zinc-ﬁnger complex, suggest-
ing that the DNA orientation relative to the protein
should not be much diﬀerent. A number of non-speciﬁc
contacts between the protein and DNA phosphate groups
were identiﬁed in the structure of the rrm1-THAP
zinc-ﬁnger complex (see above). In particular, residues
Lys46 and Thr48 from loop L3 that point toward DNA
phosphate groups in the speciﬁc complex are aﬀected in
the non-speciﬁc complex, consistent with the idea that
they contribute to positioning the protein onto the
DNA. As the salt concentration increases, the aﬃnity
of the protein toward non-speciﬁc DNA decreases
(Supplementary Figure S2). At 250mM NaCl, the disso-
ciation constant is 33.5±5mM and the 2D
1H-
15N HSQC
spectrum of the protein in the presence of non-speciﬁc
DNA looks similar to the one recorded in the absence
of DNA (Supplementary Figure S2).
DISCUSSION
We solved the ﬁrst 3D structure of a THAP zinc ﬁnger
bound to its DNA target and compared the binding char-
acteristics to speciﬁc and non-speciﬁc DNA sequences, in
terms of binding aﬃnities and protein positioning. On its
rrm1 speciﬁc target, the protein contacts the DNA major
groove by presenting its double stranded b-sheet as sec-
ondary structure element with the amino terminus tail and
loop L3 contributing signiﬁcantly to form the molecular
interface. We previously demonstrated the originality of
the THAP zinc ﬁnger characterized by particular features
such as a bab topology and the long loop-helix-loop
(L2-H1-L3) motif inserted into the atypical spacing
between the two pairs of zinc ligands (12). The structure
of the complex reveals an important role for the
two-stranded b-sheet while evidencing that the helix H1
is not the primary structural element used to recognize
DNA. From this ﬁnding, the THAP zinc ﬁnger clearly
diﬀers from classical zinc-ﬁnger motifs that mainly use
residues in a-helices to speciﬁcally contact the DNA
bases. Among the vast number of DNA-binding
proteins, few have been shown to contact DNA using a
b-sheet (30). In the case of the prokaryotic MetJ-Arc
repressor (31,32), a double stranded b-sheet, formed
upon homo-dimerization of the protein, is used to recog-
nize the major groove. In the lambda integrase protein
(33,34) and the plant GCC box-binding protein (35),
DNA recognition is mediated by a triple stranded
b-sheet that anchors into the major groove by providing
contacts with the DNA sugar-phosphate backbone.
Larger b-sheets can also play a central role in DNA
Table 1. Structural statistics of the THAP zinc ﬁnger of hTHAP1 in
complex with its speciﬁc rrm1 target
Protein Nucleic
acid
NMR distance and dihedral constraints
Distance restraints
Total NOE 1796 679
Intra-residue 0 517
Inter-residue 1796 152
Sequential (|i – j|=1) 851 123
Non-sequential (|i – j|>1) 945 29
Hydrogen bonds 12 43
a
Zinc coordination 14
Protein–nucleic acid intermolecular 39
Ambiguous intermolecular restraints 12
RDC
1DHN-N 55
Total dihedral angle restraints 156 256
Protein
f 78
W 78
Nucleic acid (B-DNA conformation)
Sugar pucker
b 96
Backbone
b 160
Planarity restraints 16
Structure statistics
Violations (mean±SD)
Distance constraint violations >0.25A ˚ 1.20±0.74
Dihedral angle constraints violation >5  0.14±0.34
Max. dihedral angle violation ( ) 5.71±0.62
c
Max. distance constraint violation (A ˚ ) 0.28±0.05
Deviations from idealized geometry
Bond lengths (A ˚ ) 0.0046
Bond angles ( ) 0.75
Impropers ( ) 0.79
Average pairwise r.m.s. deviation (A ˚ )
d
Protein
Heavy 0.88±0.30
Backbone 0.48±0.16
DNA
DNA heavy atoms 0.66±0.25
DNA heavy atoms at the binding interface
e 0.41±0.11
Complex
Heavy atoms (C, N, O, P) 1.22±0.32
Non-terminal heavy atoms
f 0.86±0.25
aThe DNA intramolecular hydrogen bonds were deduced from base
pairings.
bBased on a B-form geometry derived from NOE analysis, where
a= 63±15  , b=176±15 , g=51±15  , e=171±15 ,
z= 103±15  and n1 (C10-C20-C30-C40)=37.5±5 , n2 (C50-C40-C30-
C20)=–155±5  and n3 (C50-C40-C30-C20)=144±5 .
cDouble violation of a W angle of residue Glu83 locate in the highly
dynamic C-terminal tail of the protein.
dPairwise r.m.s. deviation was calculated among 15 reﬁned structures.
eRegion T6–A13 and T20–A27 encompassing the invariant base pairs
of the THABS motif.
fExcluding protein residues Leu82–Arg87 and terminal DNA base pairs
(positions 1–4 and 15–16).
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mechanisms associated with DNA bending, as previously
described for the Tata-Binding Protein (36) and for the
Integration Host Factor (37). However, very few
examples of zinc ﬁngers using a b-sheet as secondary
structure element to recognize DNA have been described
so far. The crystal structure of the zinc-coordinating GCM
domain, bound to its octameric DNA target revealed the
involvement of a ﬁve-stranded beta-sheet and three sur-
rounding helices to contact the DNA major groove (38).
Contrary to the proposed classiﬁcation for the
CtBP-THAP domain to belong to the treble clef ﬁnger
superfamily (39), the DNA-binding mode by the
THAP-zinc ﬁnger of THAP1 diﬀers from the one
described for the treble clef motif in which the a-helix is
engaged in the DNA major groove while a b-strand inter-
acts with the sugar phosphate backbone of the DNA (40).
In the case of the THAP-zinc ﬁnger, the double-stranded
b-sheet ﬁlls the DNA major groove with remarkably good
complementarity and in a speciﬁc-sequence manner;
however, it is only a piece of the binding interface, as
other regions of the domain contribute to DNA base-
pair contacts. To cope with the relatively small size of
its double-stranded b-sheet, the THAP-zinc ﬁnger has
increased the number of contacts to DNA by using its
N-terminal tail and additional loops.
Recognition of the rrm1 sequence resides in a number of
speciﬁc side chain interactions with the ﬁve invariant base
pairs (T6/A27, G10/C23, G11/C22, C12/G21 and A13/
T20) of the THABS motif and a number of non-speciﬁc
contacts with the sugar-phosphate DNA backbone. Four
amino acids located within the b-sheet (Lys24, Ser52), the
N-terminal tail (Gln3) and loop L4 (Arg65) confer speciﬁc
DNA recognition. Two additional residues Tyr50 and
Ser51 from loop L3 preceding the b-sheet also contact
two invariant bases of the motif. Interestingly, the combi-
nation of these six residues is only found in the THAP1
28
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Figure 4. DNA recognition by the THAP zinc ﬁnger (A) Ribbon representation indicating the polar contacts (red dotted lines) observed at the
DNA–protein interface. DNA is shown in grey and the protein is coloured blue with the exception of the b-strands and the helices, which are
coloured magenta and cyan, respectively. The zinc ion is depicted in orange. The four zinc ligands together with the amino acid side chains at
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Figure 5. Schematic representation illustrating the protein–DNA
contacts in the structure of the rrm1-THAP zinc-ﬁnger complex. Red
and blue arrows indicate hydrogen bonds and hydrophobic contacts,
respectively. A hydrogen bond is considered to occur when potential
donor and acceptor are <2.5A ˚ apart. Dotted red arrows indicate polar
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satisfy the hydrogen bond distance criteria. The plot was generated by
NucPlot (46). The contacts represented here are summarized in
Supplementary Tables S2 and S3.
Nucleic Acids Research, 2010,Vol.38, No. 10 3473protein and may explain the recognition speciﬁcity toward
the THABS motif.
Our data show that the N-terminal tail of the domain
contributes to binding speciﬁcity and could explain why
most of the THAP domains are located at the N-terminal
position of the THAP family (8). Another interesting
feature involves loop L4 and in particular the side chain
of Arg65 that provides speciﬁc contacts to T6 and C28
bases in the minor groove, stabilizing DNA interaction
as previously observed in a number of protein–DNA
complexes (41). Notably, loop L4 is poorly conserved
among the THAP domains and insertions or deletions
in this loop are notable in the sequences among the
family of THAP proteins. For example, loop L4 is not
present in the recently identiﬁed THAP domain of the
Ronin protein, which binds a DNA sequence clearly dif-
ferent from the THABS consensus sequence recognized by
THAP1 (13).
Loop L3 located between helix H1 and the b2 strand is
critical for both speciﬁc and non-speciﬁc DNA recogni-
tion. We show that residue Thr48 plays a crucial role in
DNA binding and that it contributes to positioning the
protein onto the DNA duplex allowing further speciﬁc
side chain contacts to occur. This would allow post-
translational modiﬁcation such as site-speciﬁc phospho-
rylation of its hydroxyl group, to eﬃciently regulate
DNA interaction, as previously observed for other tran-
scription factors (42).
We ﬁnd that the THAP zinc ﬁnger binds DNA as a
monomer with a relatively low aﬃnity as previously
observed for isolated domains such as the lac repressor
(6). In vivo, the recognition might require dimerization
of the THAP zinc ﬁnger in order to enhance binding
aﬃnity and speciﬁcity. It is noteworthy that the rrm1
DNA sequence used in the present study corresponds to
the ﬁrst THABS-binding site, while two THABS-binding
loop L4
loop L3
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3474 Nucleic Acids Research, 2010,Vol.38, No. 10sequences are located approximately 100-nt upstream of
the 50-end of the mRNA to which endogenous THAP1
associates in vivo (9). By solving the structure of the
complex, we show that the helix, which contains several
highly conserved residues, is not directly involved in DNA
recognition and is instead exposed. It could mediate
homodimerization with another THAP domain bound
to the second THABS-binding sequence within the rrm1
gene or it might be involved in the formation of protein–
protein complexes. Furthermore, it should be kept in mind
that the full-length THAP proteins, beyond their
DNA-binding domain, exhibit other functional regions
such as the coiled coil domains frequently involved in
protein–protein interactions. The Ronin protein
(mTHAP11) interacts with host cell factor-1 HCF-1, a
key transcriptional regulator associated to chromatin
remodelling (13). Two other THAP members involved in
complexes associated to chromatin modiﬁcation were
previously identiﬁed, namely THAP7 and HIM17
(43–45). Overall, these studies suggest that the THAP
proteins could play a major role in targeting genes to pro-
mote transcription regulation through interactions with
protein complexes associated to chromatin remodelling.
In this regard, the data presented here provide the ﬁrst
3D structure of a protein–DNA complex within the
THAP-zinc-ﬁnger family and give unique clues to under-
standing the structural determinants of speciﬁc DNA rec-
ognition by this previously uncharacterized family of
transcription factors.
While our manuscript was in the reviewing process,
the crystal structure of the THAP domain from the
D. melanogaster P-element transposase (dmTHAP) in
complex with a naturally occuring 10-bp DNA site has
been published [Sabogal et al., Nat. Struct. Mol. Biol.
(2010) 17, 117–123; accession code 3KDE]. This structure
shows that the THAP domain binds to DNA in a bipartite
manner using both the DNA major and minor grooves.
The DNA sequence-speciﬁc recognition is achieved by the
insertion of the dmTHAP central b-sheet into the major
groove while the basic loop L4 provides contacts with the
DNA minor groove. Our NMR study also reveals this
bipartite recognition mechanism. Both studies performed
on two distinct THAP domains and DNA targets
and using diﬀerent approaches (NMR versus X-ray
cristallography) are consistent and complementary and
provide clues to understand the mechanism of speciﬁc
DNA recognition by the THAP proteins.
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